Abstract: In the paper, the effect of voltage increasing (from 500 VDC up to 650 VDC) on the structure and chemical composition of porous coating on titanium made by Plasma Electrolytic Oxidation, is presented. In the present paper, phosphates based coatings enriched with calcium, magnesium, zinc and copper in electrolyte based on 1 L of 85% concentrated H3PO4 with additions of Ca(NO3)2·4H2O, and Mg(NO3)2•6H2O, and Zn(NO3)2•6H2O, and Cu(NO3)2•3H2O, are described. The morphology, chemical and phase composition, are evaluated using SEM, EDS, XRD, XPS, GDOES. Based on all the analyses, it was found out that the PEO coatings are porous and enriched with calcium, magnesium, zinc and copper. They consist mainly of the amorphous phase, which is more visible for higher voltages, and it is correlated with the increasing of the total PEO coating thickness (the higher the voltage, the thicker the PEO coating). However, for 650 VDC an amorphous phase and titanium substrate was also recorded with a signal from Ti2P2O7 crystalline, that was not observed for lower voltages. It was also found out that all the obtained coatings may be divided in three sublayers, i.e. porous, semiporous, and transition one.
Introduction
Standard electropolishing [1] [2] [3] [4] , magnetoelectropolishing [5] [6] [7] as well as high-current-density electropolishing [8] [9] [10] may be used to improve nano-scale chemical [11] [12] [13] , and corrosion [3, 6, 14] properties of materials, as well as their surface roughness [3, [15] [16] and biocompatibility [17] [18] . The other electrochemical treatment, known in the literature under the names of Plasma Electrolytic Oxidation (PEO) or Micro Arc Oxidation (MAO) or Spark Discharge Anodizing (SDA), may be used to form micro-porous coatings on lightweight metals, such as titanium [19] [20] [21] , zirconium [22] , tantalum [23] , niobium [24] and their alloys (Ti6Al4V [25] [26] , Ti6Al7Nb [27] , Ti-Nb-Zr [28] , Ti-NbZr-Sn [29] , TNZ [30] , NiTi [31] ). The porous coatings obtained with such method are mostly used as biomaterials and are enriched with calcium and phosphorus to form structure similar to hydroxyapatite [33] [34] [35] with the addition of bactericidal zinc [36] and copper [37] [38] , as well as magnesium [36] , which is added in case of acceleration of wound healing. Moreover, it should also be pointed out that the PEO process may be performed under DC [37] [38] , AC [39] [40] and pulse regime [41] [42] , which result in coatings characterized by different porosities, as well as with different chemical composition.
Materials and Methods
Rectangular, titanium samples with dimensions of 10 mm x 10 mm x 2mm were treated by Plasma Electrolytic Oxidation at the voltages of 500 VDC, 575 VDC and 650 VDC with the use of the commercial DC power supply PWR 1600H. The electrolyte composition was the following: 1 L of 85% H3PO4, 125 g Ca(NO3)2·4H2O, 125 g Mg(NO3)2•6H2O, 125 g Zn(NO3)2•6H2O, and 125 g Cu(NO3)2•3H2O. The SEM, EDS, XPS and GDOES measurement techniques, which have been used to characterize the PEO coatings, are described in reference [36] . The Powder X-ray diffraction (XRD) measurements were conducted using a Bruker-AXS D8 Advance instrument with the 2Θ/Θ geometry measured using a LynxEye position sensitive detector under the following conditions: radiation CuKα/Ni filter, voltage 40 kV, current 40 mA, step by step mode of 0.014 2Θ with an interval of 0.25 s per step and summation of at least five successive measurements based on the complexity of the recording. The data were processed digitally using DiffracSuite software (Bruker). Qualitative analyses of sulfates were conducted using EVA software (Bruker) and the PDF-2 database 2011 release (International Centre for Diffraction Data).
Results and Discussion
In Figure 1 , the SEM images of porous coatings obtained on CP Titanium Grade 2 after PEO treatment at voltages of 500 VDC, 575 VDC and 650 VDC, with the electrolyte consisting of 1 L of 85% concentrated phosphoric acid H3PO4 with 125 g calcium nitrate Ca(NO3)2·4H2O and 125 g magnesium nitrate Mg(NO3)2•6H2O, and 125 g zinc nitrate Zn(NO3)2•6H2O, and 125 g copper nitrate Cu(NO3)2•3H2O, are presented. It can be observed that the voltage increase results in a change in surface morphology, as well pores shapes and their sharpness. On the base of EDS spectra, recorded at magnification 500 times, the atomic concentrations of Ca, Mg, Zn, Cu and P were used to calculate metals to phosphorous atomic ratios with the results presented in Figure 2 . The PEO coating obtained at 500 VDC may be characterized by Ca/P ratio, which was equal to 0.070 ± 0.009 at% (first quartile: 0.062; third quartile: 0.079), Mg/P ratio was equal 0.037 ± 0.002 at% (first quartile: 0.035; third quartile: 0.038), Zn/P ratio was equal 0.034 ± 0.006 at% (first quartile: 0.029; third quartile: 0.039), Cu/P ratio was equal 0.032 ± 0.002 at% (first quartile: 0.030; third quartile: 0.033), M/P ratio (where M=Ca+Mg+Zn+Cu) was equal 0.172 ± 0.012 at% (first quartile: 0.162; third quartile: 0.184). For PEO coatings obtained at 575 VDC Ca/P ratio was equal 0.054 ± 0.002 at% (first quartile: 0.053; third quartile: 0.056), Mg/P ratio was equal 0.044 ± 0.002 at% (first quartile: 0.042; third quartile: 0.046), Zn/P ratio was equal 0.045 ± 0.003 at% (first quartile: 0.042; third quartile: 0.049), Cu/P ratio was equal 0.037 ± 0.003 at% (first quartile: 0.033; third quartile: 0.040), M/P ratio (M=Ca+Mg+Zn+Cu) was equal 0.180 ± 0.005 at% (first quartile: 0.178; third quartile: 0.184). For the PEO coatings obtained at 650 VDC Ca/P ratio was equal 0.089 ± 0.011 at% (first quartile: 0.077; third quartile: 0.098), Mg/P ratio was equal 0.045 ± 0.001 at% (first quartile: 0.043; third quartile: 0.046), Zn/P ratio was equal 0.048 ± 0.005 at% (first quartile: 0.043; third quartile: 0.052), Cu/P ratio was equal 0.043 ± 0.011 at% (first quartile: 0.036; third quartile: 0.052), M/P ratio (M=Ca+Mg+Zn+Cu) was equal 0.224 ± 0.014 at% (first quartile: 0.215; third quartile: 0.236). Based on these results it can be observed that Mg/P, Zn/P, Cu/P and M/P values have positive correlation with the employed voltage. The case of Ca/P values to voltage relation can indicate different mechanism of calcium compounds in the layer. Considering standard deviation values of metal-to-phosphorous ratio it can be concluded that the most repeatable conditions of the PEO process are found at around 575 VDC. In Figure 3 , the XPS spectra of PEO coating formed on Titanium at the voltage of 575 VDC, are presented. Based on the registered peaks, it can be stated that the top 10 nm layer of the PEO coating is enriched with calcium, magnesium, zinc, copper, titanium as well as phosphorus, oxygen and nitrogen. It should be also pointed out that carbon bounded with oxygen as well as nitrogenoxygen compounds, should be treated as organic contaminations, which mainly origin from air and cleaning. Figure 4 and Figure 5 present the GDOES profile of calcium, copper, magnesium, zinc and phosphorus, oxygen, hydrogen, titanium , respectively, for PEO coatings. Based on these results it is possible to conclude that the PEO coatings may be described by a three-sub-layer model. The first porous and top sub-layers are enriched with phosphorus, oxygen, calcium, copper, magnesium and zinc. The presence of a local maximum of hydrogen and oxygen in top sub-layer, can be ascribed to surface contamination, which origins from the air and cleaning process. In the second sub-layer, which is semiporous with nested pores in the pores, a plateau is observed for all GDOES signals. Finally, in the third transition sub-layer local maxima are visible for calcium, copper, magnesium, zinc as well as in phosphorus signals. These can be interpreted as end of porosity. Based on all the GDOES spectra, one can infer that the increase of the PEO voltage results in the increase of the coating thickness. The phase composition of the PEO samples was studied by XRD and results are presented in Figure  6 . These results show that beyond the titanium signal coming from the substrate, the amorphous layer can be also identified. It has to be pointed out that the higher the voltage, the higher is the amorphous phase, due to the increase of the coating thickness. However, in case of PEO coating obtained at 650 VDC, in addition to the amorphous phase, diffraction peaks due to the presence of Ti2P2O7 crystals, can be observed. 
Conclusions
The studies of the influence of voltage change on the chemical composition and the structure of Plasma Electrolytic Oxidation (PEO) coatings obtained on the Titanium, led to the formulation of the following conclusions: 5. the obtained PEO coatings can be described using a three sub-layers model, i.e. the top, porous one (contaminated with carbon-nitrogen-oxygen compounds originated from the air and cleaning process), semiporous one (enriched in phosphorus, oxygen, calcium, copper, magnesium, zinc, and depleted in titanium), transition one (increasing of the amount of titanium, while the decreasing the amounts of phosphorus, oxygen, calcium, copper, magnesium, and zinc;
6. the top 10 nm of porous coating most likely is constructed of titanium (Ti4 + ), calcium (Ca 2+ ), magnesium (Mg 2+ ), zinc (Zn 2+ ), copper (Cu 2+ and Cu + ), and phosphates (PO4 3-and/or HPO4 2-, and/or H2PO4 -, and/or P2O7 4-).
